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A method and mounting for active vibration control of a vibrating body (!) mounted to a supporting body (3), or 
vice versa, via a mounting means which includes an intermediate body (5), wherein the intermediate body is substantially 
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range over which vibrations are to be controlled, and over said at least part of the vibration frequency range means (25) 
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Title: Active Control of Vibration 
Field of the Invention 

The present invention relates to the active control of 
vibration. 

Background to the Invention 

When a vibrating body is mounted on a support body, it is 
often desired to control or minimise the transmission of 
vibration from the vibrating body to the support body. It 
is known to reduce the transmission of vibration passively 
by providing vibration isolators of various forms between 
the two bodies. It is also known to reduce vibration 
actively, often in conjuction with the use of passive 
isolators. In the active control of vibration, sensors 
are attached to a body to measure its movements and these 
measurements are used to generate control signals for one 
or more devices for applying cancelling forces or 
movements to the body. It is known to provide this active 
control system on the vibrating body itself or on the 
supporting body. 

In theory, the active control of vibration can be 
absolutely effective and reduce all vibrations to zero. 
However, this would require the provision of exactly the 
correct cancelling forces at exactly the correct timing. 
In practice, this is difficult if not impossible to 
achieve. Normally, both the vibrating body and the 
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support will have, a complex distribution of mass and 
rigidity and tl:ie vibrations to be cancelled v^ill also be 
relatively complex. Accordingly, tTie calculation of the 
correct pattern of forces to be applied is complicated. 
Additionally, tlie calculation takes a certain amount of 
time. Accordingly, the cancelling forces actually applied 
will be only an approximation to the exact cancelling 
forces required and the timing of application of the 
forces may not be correct. Any attempt to increase the 
accuracy of the calculation will increase the time taken 
and any attempt to decrease the time taken will decrease 
the accuracy. 

The problems are compounded in the common situation in 
which a vibrating body is mounted at several separate 
points on a supporting body. Active cancellation must be 
applied at each mount, thus each mount will tend to have 
several vibration sensors and several actuators to apply 
cancelling forces in different directions. If there are N 
mounts, each having M actuators and K sensors, then the 
control system must attempt to minimise the vibrations 
detected at KN sensors by the operation of MSI actuators . 
However, since all the sensors and all the actuators are 
mounted on the same body (the vibrating body or the 
support body), the forces applied by each actuator will 
have an effect on. the movements detected by each sensor, 
through the common body. Thus the control system must 
operate on an MN" x KN matrix of interactions between 
actuators and sensors. Following calculation of this 
matrix, the control system must calculate MN control 
signals for the forces to be applied by each individual, 
actuator in order to cancel the vibrations. 

In the passive control of vibration, isolating 
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arrangements are well Icnown which includes an intermediate 
body between the vibrating body and the supporting body. 
Such isolating arrangements comprise compound mounts 
designed so that the secondary mounting resonance is 
below the frequency at which vibration isolation is 
required. This means that, for effective vibration 
isolation at low frequencies, the intermediate body must 
be of relatively large mass. 

Summary of the Invention 

The present invention provides a method of active 
vibration control in which a vibrating body is mounted on 
a supporting body by a mount which includes a body which 
is substantially rigid over the frequency range over which 
active control is to be applied and which is located 
between the vibrating body and the supporting body and 
weakly vibrationally coupled to both of them, and in which 
the vibrations in the intermediate body, at least over a 
part of the frequency range for which vibration control is 
required, are minimised by the application of compensating 
forces to it in response to detected vibrations ideally of 
the intermediate body, though could be the support body or 
the vibrating body or some other sensor related to the 
vibration to be controlled. 

The present invention also provides a way in which the 
transmission of primary vibration is reduced, whilst the 
transmission of secondary vibration is permitted. In this 
embodiment signals would be available to distinguish 
between these two types of vibration. 

The present invention also provides a mounting by which a 
vibrating body may be mounted on a supporting body. 
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comprising a substantially rigid intermediate body/ means 
to mount tlie vibrating body on one side of tbe 
intermediate body and decoupled therefrom, means to mount 
the supporting body on the other side of the intermediate 
body weakly vibrationally coupled thereto, and force 
producing means to apply forces to the intermediate body 
to control detected vibrations in it detected by some 
vibration sensing means, at least over a part of the 
frequency range for which vibration control is required. 
Generally active vibration controller means will be 
provided. 

In the following description, where reference is made to 
cancellation of vibrations in the intermediate body, this 
refers to the part of the frequency range over which 
vibration control is required if active control is not 
provided over the entire range. Generally, when active 
control is provided for part of the frequency range only, 
this active control will provide low frequency isolation. 

If vibrations in the Intermediate body can be cancelled, 
it will not transmit any vibrations to the supporting 
body, and thus the arrangement will minimise the 
transmission of vibrations to the supporting body. Since 
the intermediate body is only wealcly vibrationally coupled 
to both the vibrating body and the supporting body, it may 
not be necessary to take the pattern of rigidity and mass 
distribution in either the vibrating body or the 
supporting body into account when calculating the 
controlling forces to be applied to the intermediate body. 
Since, in the case of active vibration control over the 
entire range of interest, the intermediate body is 
provided simply in order to have its vibrations cancelled, 
its pattern of rigidity and mass distribution may be 



wo 88/05506 



PCT/GB87/00902 



- 5 - 



selected to reduce the complexity o£ the calculations 
necessary. When active control is provided only for low 
vibration frequencies, the intermediate body may be 
required to provide mass for passive control at higher 
frequencies only, the intermediate body can be of smaller 
mass than would otherwise be the case- 
in the case referred to above where the vibrating body is 
mounted on the supporting body in a number of places, each 
mount may have only a weakly vibrational ly coupled 
intermediate body and because they are only weakly 
vibrationally coupled the cross-interactions are small and 
so they may each be considered in isolation from each 
other without much error. Accordingly, instead of one 
matrix of interaction of size MN x KN, there are N 
individual matrices, one for each mount, each of size M x 
K. Thus the total amount of calculation required to 
generate estimates of the interaction matrices is reduced, 
and additionally a separate controller may be provided for 
each mount so that calculation of the N separate matrices 
may occur in parallel. Each of these factors has an N- 
fold reduction in the amount of calculation required, so 
that the amount of time taken to estimate the interaction 
matrices may be reduced by a factor of . The subsequent 
calculation of control signals required for the actuators 
will still involve MN actuators, but the control signals 
for each separate group of M actuators at each mount may 
be calculated independently and in parallel, so that there 
is an N-fold reduction in calculation time at fhis step. 

Since, except when passive control utilising secondary 
mounting resonance is utilised for cancellation over part 
of the frequency range of interest, the intermediate body 
is only weakly vibrationally coupled to the. other bodies, 
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a further advantage of tliis arrangement is that tlie 
characteristics of the vibrating body and the. supporting 
body will have little effect upon the calculations, that a 
system can be optimised ignoring their effect, and so once 
the characteristic calculations required, for a mount have 
been determined it may be used to mount any vibrating body 
on any supporting body 'without the need for any 
alterations in its control system and will operate fairly 
well in most environments. Even when active control is 
only employed for low frequency vibrations, a less 
complex control system will usually be possible. 

Again since there is only weak vibrational coupling 
another important benefit is that the calculation of the 
control signals at each mount is independent of the 
presence of the other mounts* Accordingly, increasing the 
number of mounts for a vibrating body does not increase 
the time required to calculate the control signals for the 
actuators, assuming that each mount is provided with an 
individual control system which operates independently and 
in parallel to all the others. 

In some circumstances, it may be advantageous to provide 
the mounting with a passive damper, or to use a resilient 
element with high damping, to reduce oscillations within 
the mounting which might otherwise be perpetuated by the 
resilience of the coupling between the intermediate member 
and the vibrating and supporting bodies. 

It may also be desirable to have more than one mount 
connecting the intermediate body to the vibrating or 
support body. 

In another embodiment of the invention the support body is 
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vibrating and tlie body being supported is to be isolated 
i.e. Kept free from vibration. 

If the intermediate body were rigid then because it has 
only six degrees of freedom itself it would be necessary 
to provide at least six. vibration sensors in order to 
describe its vibration completely- If the intermediate 
body was sufficiently large compared with the structural 
wavelengths or if significant bending moments were applied 
to the body so that it no longer remained rigid, then a 
minimum of six vibration sensors will be required to 
describe its vibration. All of the vibration sensors 
which give significant information about the intermediate 
body's movement would be used by the control system. 

In addition, if the body remains substantially rigid then 
six forces will be sufficient to provide the control 
necessary to control the vibration of the' body provided 
that they are able independently to drive the six degrees 
of freedom of the body. If the body is not substantially 
rigid then more forces and thus actuators may be 
necessary. For a thorough cancellation of forces within 
the intermediate body, the compensating forces should be 
applied along the same lines as those corresponding to the 
effective forces applied to the intermediate body by the 
vibrating body and in the opposite direction. However, it 
is desirable to minimise the number of actuators required 
to control the intermediate body's vibration and in a 
preferred embodiment of the invention the mounting is such 
that all forces applied to the intermediate body by the 
vibrating body can be reduced mechanically to forces 
applied along three orthogonal directions. In this case a 
reduced number of actuators will be required, three being 
sufficient to provide ^ neneral compensating force- 
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In some systems the forces from the vibrating "body acting 
upon tbe intermediate body tend to be confined to a single 
plane, in whicTi case tbe actuators of the active vibration 
reduction system may only be required to generate forces 
in the two dimensions within the plane and rotational 
movement about an axis normal to the plane. 

Since the static requirement for mounts is generally to 
provide a force in one direction to support the body it is 
required to be relatively stiff in that direction- 
However, it will transmit vibration in all axes in which 
it is stiff and thus it is advantageous to reduce the 
stiffness of the passive mount components in the other 
axes or at least to reduce the stiffness of the decoupling 
means on the vibrating body side of the intermediate body. 
The mount would then only transmit vibrational forces in 
one direction and only one actuator and sensor would be 
required* 

Furthermore this single actuator need not apply forces to 
a body at all; the actuator could be the body itself and 
it would change its dimension in the direction of the 
mounting axis to reduce the transmission of vibration- 
But it must be noted that it should be only weakly 
vibrational ly coupled to the vibrating and support 
bodies . 

Normally, the vibration sens.ors will be accelerometers and 
the actuators will be inert ial shakers mounted on the 
intermediate body. 

An embodiment of the present invention, given by way of 
non-limitative example, will nov/ be described with 
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reference to the accompanying drawings, in which: 

Figure 1 is a side view of a mounting embodying the 
present invention, largely in section; and 

Figure 2 is a diagram of a mechanical equivalent system to 
the mounting of Figure 1. 

Detailed Description of the Drawings 

Figure 1 shows a mounting by which a vibrating body 1 is 
mounted on a supporting body 3* The mounting includes an 
intermediate body 5 and two elastomeric members 7, 9 one 
each above and below it. The elastomeric members are held 
in place by washers 11, 13 which are themselves trapped by 
flanges of the intermediate body 5. 

The vibrating body 1 is supported on the mounting by an 
attachment ring 15 which is positioned within the upper 
elastomeric body 7 and extending around but spaced from 
the intermediate body 5. The supporting body is joined to 
the mounting by a similar attachment ring 17, which also 
passes around the intermediate body and is positioned 
within the lower elastomeric body 9. 

The weight of the vibrating body 1 is transmitted through 
the upper elastomeric member 7, a central portion of the 
intermediate body 5, and the lower elastomeric member 9 to 
the supporting body 3. The elastomeric members 1, 9 
extra element will also tend to transmit vibration between 
the bodies, but their resilience means that vibrational 
movement of the intermediate body and forces within it are 
only weakly coupled to the vibrating body 1 and the 
supporting body 3- 
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Because the only supports for t"he interraedia*te "body 5 are 
resilient, it may tend to oscillate. In order to damp 
sucli oscillations/ the lower washer 13 bears damper plates 
19 which are positioned within dashpots 21 mounted through 
a further elastomeric member 23 on the supporting 3- This 
arrangement damps vertical oscillations of the lower 
washer 13, and through it the intermediate body 5, in a 
manner known per se > 

Figure 2 shows the mechanical equivalent of the system 
illustrated in Figure 1, in terms of masses, springs and a 
damper. Corresponding parts are given the same reference 
numerals as in Figure 1 . 

The vibrations of the vibrating body 1 cause forces to be 
transmitted through the upper elastomeric decoupling 
member 7 to the intermediate body 5, which tends to be 
vibrated. In order to minimise or control the vibration 
in the intermediate body 5, it is equipped with a system 
for the active control of vibration. It will be 
appreciated that if vibration is eliminated in the 
intermediate body 5, it will not transmit vibration 
through the Lower elastomeric decoupling member 9 to the 
support body 3 - 

The active vibration control system includes a number of 
accelerometers (not shown) mounted on the intermediate 
body 5 to measure its trans la tional and rotational 
movement in various directions and about various axeS/ a 
plurality of shakers 25 likewise mounted on the 
intermediate body 5 and operable to transmit forces to it, 
each along a particular line or about a particular axis, 
and a control means (not shown). Such control systems are 
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known per se , but have hitherto only been mounted on 
vibrating bodies and support bodies rather than on 
intermediate bodies. The control means receives signals 
from the accelerometers , and in turn derives control 
signals for the shakers 25, so as to control the operation 
of the shakers 2 5 in such a manner as to counteract the 
vibrating forces received from the vibrating body 1 and 
render the intermediate body 5 motionless. Thus the 
control means is in effect a negative feedback system 
operating to maintain the outputs of the accelerometers as 
nearly as possible at zero detected acceleration. 

Because the contact between the vibrating body 1 and the 
mounting is solely by means of the attachment ring 15 and 
a circular flange around it, the contact is symmetrical. 
Accordingly, it is possible to treat all the forces 
applied by the vibrating body 1 to the intermediate body 5 
as being applied at the point at the centre of the 
attachment ring 15- Each shaker 25 is arranged to provide 
a force along a line or about an axis which also passes 
through this same spot- This can be seen clearly in 
respect of the two inertial shakers illustrated in Figure 
1. ■ 

In this manner, the vibrating forces from the vibrating 
body 1 and the compensating forces from the shakers 2 5 can 
be considered to be applied to the intermediate body 5 at 
the same point- This avoids any turning moments being 
generated within the intermediate body 5 by lateral 
offsets between opposing forces- 

The inertial shakers 2 5 are arranged symmetrically around 
the intermediate body 5, and are preferably spaced by 90* 
or 120°. This provides a simple and symmetrical 
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distribution of masses and of compensating forces within 
the intermediate body 5. 

Because the intermediate body 5 is only weakly coupled to 
the vibrating body 1 and the supporting body 3, and is 
designed to have a simple shape, the calculations required 
to derive the necessary control signals for the shakers 25 
are greatly simplified as compared with the known 
arrangements of mounting an active vibration control 
system on either a vibrating body or a supporting body^ in 
which case the characteristics of that body must be taken 
into conside-ration- In the example above-described, it 
is assumed that active control of the intermediate body is 
prevailed over the entire frequency range of vibrations 
for which isolation is required- In a modification, 
active control is used to control low frequency vibrations 
of the intermediate body, which in conjunction with other 
parts of the mounting through which the vibrating body is 
connected to the supporting body, is designed to achieve 
passive control of higher frequency vibrations in a 
substantially conventional manner. Six accelerometers 
will generally be required for the active vibration 
control system, but the intermediate body can be of 
smaller mass than in mountings relying solely on passive 
control- 
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CLAIMS 

1. A laetliod of active vibration control in which a 
subject body, being a vibrating body or a body to be 
isolated from vibrations, is inounted on a supporting body 
by a mount which includes an intermediate body between the 
subject body and the supporting body wherein the 
intermediate body is weakly vibr at ional ly coupled to both 
of the said subject and supporting bodies, and in which 
the vibrations of the intermediate body, at least over a 
part of the frequency range for which control of 
vibrations is required, are minimised or controlled by the 
application of controlling forces to it. 

2. A method according to claim 1, wherein the vibrations 
are controlled or minimised in response ^o detected 
vibrations of more generally, the intermediate body, the 
supporting body or the subject body, or, responsively to a 
signal related to the vibrations to be controlled. 

3. A method according to claims 1, or 2, wherein the 
subject body is mounted on the supporting body at a number 
of mounting points, and each mount acts according to 
claims 1 or 2. 

4. A method according to claim 3, wherein a separate 
active vibration means for controlling vibrations is 
provided for each mount. 

5. A method according to claim 4, wherein each mount has 
M force producing means, and the control signals for the 
separate group of M force producing means at each mount 
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are calculated independently. 

6. A method according to any of claims 1 to 5 , wherein 
the intermediate body mounting includes a damper, or in 
which resilient elements with high damping are used, in 
order to reduce oscillations within the mounting which 
might otherwise be perpetuated by the resilience - of the 
decoupling between the intermediate member and the subject 
and supporting bodies. 

?• A method according to any of claims 1 to 6, having 
more than one resilient element connecting the 
intermediate body to the vibrating or support body. 

8. A method according to any of claims 1 to 7 in which 
the intermediate body is rigid. 

9. A method according to claim 8 in which the 
intermediate body possesses n degrees of freedom and up to 
n forces are supplied to the body to completely control 
the vibration. 

10. A method according to claim 9, wherein the mounting is 
such that all forces applied to the intermediate body by 
the vibrating body are reduced mechanically to three 
forces applied along three othogonal directions x and three 
force producing means are provided to produce a general 
controlling force. 

11- A method according to any of claims 1 to 10, wherein 
the forces from the vibrating body acting upon the 
intermediate body are substantially confined to a single 
plane, and actuators consisting of two force producing 
means generate forces in the two othogonal directions 
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within the plane and rotational movement about an axis 
normal to the plane. 

12. A method according to any of claims 1 to 11/ wherein 
the mount is relatively stiff in one direction and thus 
provides a supporting force substantially in that 
direction, whilst having lesser stiffness of passive mount 
components in the other perpendicular directions,, or at 
least reduced stiffness of the decoupling means on the 
vibrating body side of the intermediate body, and the 
vibration controlling means comprises only one actuator. 

13. ' A method according to claim 12, wherein part of the 
single actuator constitutes the intermediate body. 

14. A method according to any of claims 1 to 13, wherein 
the vibration sensing means comprises one or more 
accelerometers . 

15. A method according to any of claims 1 to 14, wherein 
the force producing means comprises one or more inertial 
shakers. 

16. A method according to any of claims 1 to 15, wherein 
the detected vibrations from which the controlling forces 
are derived are the vibrations of the intermediate body. 

17. A method according to any of claims 1 to 16, wherein 
active control means operates to control vibrations over 
the low frequency part of the range of vibrations and 
passive control means operates for higher vibration 
frequencies. 

18. A mounting for carrying out the method of claims 1 to 
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17 in whicii tlie subject body is mounted on a supporting 
body by a mount wbich includes an intermediate body 
between the vibrating body and the supporting body wherein 
the intermediate body weakly vibrational ly coupled to both 
of said subject and mounting bodies, and in which means is 
provided for applying compensating forms to the 
intermediate body, so as to control or minimize the 
vibrations of the intermedijate body, at least over a part 
of the frequency range for which control of vibrations is 
required. 

19. ;A mounting as claimed in claim 18 in which the 
intermediate body is rigid. 

20. A mounting according to claim 18 having active 
vibration controller means. 

21. A method of active vibration control substantially as 
hereinbefore described. 

22. A mounting for active vibration control substantially 
as hereinbefore described with reference to the 
.accompanying drawings . 
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